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(54) Method and apparatus lor ammonia eyntheaia at atmospheric prwsure 



(57) Prototype reacior and method tor the ammonia 
synthesis at atmospheric pressure. This invention re- 
lates to the ammonia production from Its elements (N* 
and H2) at atmospheric pressure. This was achieved in 
a solid slate proton (H+) conducting cell - reactor. Hy- 
drogen was flowing over the anode (6) and was convert- 
ed into protons mat were transported through the solid 
electrolyte (4) and reached the cathode (5)(Pd) over 
which nitrogen was passing. 



N2,NHJ 




Figure 1 
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Description 



[0001] The pr esent invention relates to a melhod for 
synthesizing ammonia tram its elements (H 2 and H z ) at 
atmospheric pressure. This was achieved in a prototype 
solid slate proton (H*) conducting cell-reactor 
[0002] The development of a successful process for 
ammonia synthesis from its elements: 



N^3H 2 < — > 2 NH a 



CD 



is considered a landmark in heterogeneous catalysis. 
The Haber process which involves reaction of gaseous 
nitrogen and hydrogen on a Fa-oased catalyst at high 
pressures {15-30 MPs), was developed at the begin- 
ning of the twentieth century after an extensive search 
for an active catalyst 

[0003] Even from early studies, it was realized that the 
conversion is limited by thermodynamics. The gas vol- 
ume decreases with reaction. Hence, very high pres- 
sures have to be used in order topush equilibrium to me 
right according to the Le Cnatelier principle. 
(0004] Tho reaction is exothermic (109 U/mol at 
500*G) and therefore conversion increases with de- 
creasing temperature. In order to achieve however, in- 
dueiriaity acceptable reaction rates, the reaction tem- 
perature must be high. The trade-off solution is to oper- 
ate at temperatures in the range of 430 - 480'C. at which 
the equilibrium conversion is of the order oM 0 -1 5% [i], 
[0005] The present method refers on an alternative 
route to emmona synthesis at atmospheric pressure via 
the use of solid state proton (H*) conductors by which 
thB requirement for operation at high pressures is elim- 
inated. 

[0006] Solid electrolyte cells have been used so far in 
heterogeneous catalysis in order to a) study the mech- 
anism of catalytic reactions [2. 3], b) electrochemicaily 
alter reaction rates 14, 5J and c) cogenerate electricity 
and useful chemicals [6]. The solid electrolytes used in 
moat of the above applications were oxygen ion conduc- 
tors. 

[0007] In the last decade however, materials that ex- 
hibit protonic conductivity in the solid state have been 
introduced Into catalysis research [7\. These H* conduc- 
tors are particularly useful because they can operate at 
temperatures in which many industrial hydro- and dehy- 
drogenation reactions take place. Furthermore, in con* 
trasi to oxidation reactions, a number of industrial hy- 
drogenatfona (ammonia, methanol production) are equi- 
librium limited at the operating conditions. 
[0008] A model process using solid state proton con- 
ductors to obtain conversions higher than those predict- 
ed by the reaction equilibrium, has been proposed in the 
past PJ. U is possible to use two configrationa. The dou- 
ble and the single chamber configuration. 
[0009] In the double chamber configuration {Figure 1 ) 



a vessel 1 has been divided into a hydroganailon reac- 
tion chamber 2 and into a chamber containing a hydro- 
gen atmosphere 3. usin9 a proton conducting solid elec- 
trolyte (SrCeOoggYbp^) 4 T *° P 0 * 0 " 9 poJycfystal- 

& line palladium <Pd) films have been deposited inside and 
outside the solid eletrolyte. The working electrode 5 was 
deposited in chamber 2 and served also as catalyst for 
the reaction of ammonia synthesis. The counter elec- 
trode 6 was deposited in the other side of the solid elec- 

w troiyte. i.e. in chamber 3. These two electrodes are con- 
nected with Au wires 7 in a galvanostat - potenliostai 6. 
The cathode (chamber 2) was exposed to a gaseous 
stream containing nitrogen diluted in helium while the 
anode (chamber 3) was exposed to a hydrogen stream. 

15 The gaseous passing over the anode of the proton- 
conducting cell-reactor, will be converted to H»: 



3H 2 -> 6H* *6e* 



12]. 



20 



Ifte protons (rf) are transported through the solid elec- 
trolyte to the cathode where the half -celt reaction. 



Njj*6H*+6e ->2NH, 



13] 



takes place. Thus, reaction [1 1 is again the overaB reac* 
lion. 

[0O1O] in tho single chamber configuration (Figure 2) 
30 a reaction vessel 1 contains a proton conducting solid 
electrolyte <SrCe a95 Yb 6 qsPJ 2 Two porous polyerys- 
talline palladium (Pd) films have been deposited on th» 
two sides of the solid eleuofyte. The working electrode 
3 was deposited in the one side of solid electrolyte and 
55 served also as catalyst for the reaction of ammonia syn- 
thesis. The counter electrode 4 was deposited in tie oth- 
er side of the solid electrolyte. These two electrodes are 
connected with Au wires 5 in a galvanostat - potenttostat 
6. In the following a gaseous mixture containing nitrogen 
*> and hydrogen diluted in helium are fed to the reaction 
vessel 1 . The gaseous H 2 passing over the anode of the 
proton -conducting cell-reactor, will be converted to Hn 



45 



so 



3H 2 .~.>6H*+6e" 



PI 



The protons (H+) are transported through the solid elec- 
trolyte to the cathode where the halt -cell reaction: 

N 2 + SH 4 + 6e'-;>2NHj (3] 



takes place. 

[0011] Specifically, this single chamber configuration 
55 is simpler than the double chamber configuration be- 
cause of the fact that the complexity of the separation 
of the two chambers ia avoided. 
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[0012] The ceramic material was a ctfontia-ceria-yt- 
terbw (SCY) perovsk«a of the form: SrCe^gYbQ QgOfr 
This perovskite is a solid with good mechanical strength 
and with high protonic conductivity [9|. The electrode 
preparation and characterization procedure has been 
described in detail elsewhere |10|. 
(001 3] Figure 3 shows the dependence ol the rate of 
NH a formation in a double chamber cell on I/2R where 
I is the imposed current and f * Faraday's constant, 
Assuming that the SCY ie solely a proton conductor, the 
ratio I/2F is equal to the electrochemical molar flux of 
hydrogen through the solid electrolyte. The cell was kept 
at 57p w C. A mixture of i .8% Na in He was passing over 
the calhoda at a volumetrk: ftowrate of &3x1 0* m 3 /s and 
atmospheric total pressure. A flow ot S.OxiD* nvVs of 
100% H 2 at atmospheric pressure was maintained over 
the anode. At 1=0, no products were formed, Upon im- 
posing a current through the call, NH a appeared at the 
cathode and atter a transient period ol 2-6 minutes, a 
steady stole rate of NH 3 formation was established 
[001 4] The data points in Figure 3 represent steady 
state rates. The two dotted lines of Figure 3 are based 
on thermodynamic calculations and are represented for 
compartzon of the present results with those thai would 
have been obtained in a conventional calalytic reactor 
(CCR) in which gaseous H £ rather than electrochemical 
H* were used Specifically, the curve denoted ss CCR 
represents the maximum rate of NH 3 formation attain ad 
in a CCR that operates at 570°C and at atmospheric 
pressure and in which the same amounts of H z and Ha 
as in the present experiments, are introduced. It can be 
seen that the NH 3 rates attained experimentally exceed 
the CCR rates by at least three orders of magnitude. 
Similarly, the curve denoted as PCCR (pressure In a 
conventional catalytic reactor) represents the total pres^ 
sure at which a CCR should operate in order for die NH 3 
conversion to be as high as that reported here. 
[0015] Figure 4 shows the dependence of the rate of 
NH 3 formation in a single chamber cell on I/2F, where I 
is the imposed current and F Is Faraday's constant. The 
celt was kept at 600* C. A gas mixture of N 2 (0.5%). 
(10%) and He was fed on the reaction vessel at a volu- 
metric fiowrate ot 3,3xi0" 7 rrrVs and atmospheric total 
pressure. At 1*0, no products were formed. Upon impos- 
ing a current through the cell, NH 3 appeared etthe cath- 
ode and after a transient period of 2-6 minutes, a steady 
state rata o| NH j formation were established. 
(001 6J The data points in Figure 4 represent steady 
state rates. The two dotted lines of Figure 4 are based 
on thermodynamic calculations and are presented for 
companion of the present results with those that would 
have been obtained in a conventional catalytic reactor 
(CCR) in which gaseous H« rather than electrochemical 
H' were used. Specifically, the curve denoted as CCR 
represents the maximum rate of MH 3 formation attained 
In a CCR that operates at 600° C and at atmospheric 
pressure and In which the same amounts of and H 2 
as in the present experiments, ere introduced, it can be 



seen that the NH a rates attained experimentally exceed 
the CCR rates by at least two orders of magnitude. Sim- 
ilarly, the curve denoted as PCCR (pressure in a con- 
ventional catalytic reactor) represents the total pfessur* 
s at which a CCR should operate in order for the NH3 con- 
version to be as high as that reported here. 
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The process for syntheslng ammon ia at atmospher- 
ic pressure which comprises passing a nitrogen 
-containing teed gas In contact with a first catalyst 
(cathode electrode) deposited on a first surface ot 
a proton conducting solid electrolyte and passing a 
hydrogen -containing gas such as diatomic hydro- 
gen (H 2 ). water (steam) or any hydrogen -contain- 
ing compound in contact with a second catalyst 
(anodic electrode) deposited on a second surface 
of said solid electrolyte, said first catalyst being ca- 
pable of promoting the nydrogenaiton ot nitrogen to 
ammonia, said second catalyst being capable of 
dissociating hydrogen gas to torm protons (H») to 
contact said nitrogen 10 torm ammonia and applying 
a voltage between said first and second catalysts 
through said solid electrolyte. 

> 

The process of claim 1 , wherein said solid electro- 
fyte comprises strontiok carta and ytteroia 
(SrCe 0J9S Yb g#0$ O3). 

The process of any one of claims 1 and 2, wherein 
said first catalyst (cathodie electrode) comprises 
palladium-containing metal composition. 
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4, The process of any one of claims I and 2. whereto 
said second catalyst (anodic electrode) comprises 
a palladium-containing metal composition. 

6. The process ol ciakn 1 . wherein said solid electro- s 
tyte comprise* any material exhibiting protoroc con- 
ductivity in the solid state. 

6. The process of claim 5. wherein said first catalyst 
(cathodic electrode) comprises ol palladium-con- iQ 
taining metal composition. 

7. The process of clafcn 5, wherein said second cata- 
lyst (anodic electrode) comprises of palladium-con- 
taining metal composition. 15 

a The process of claims 1 > 3 and 6, wherein said first 
catalyst (cathodic electrode) comprises an iron 
-containing,, platinum -containing, ruthenium -con- 
taining, cobalt -containing or any metal composition 
that effectively catalyses ammonia synthesis. 

9. The process of claims 1 and 5, wherein both said 
first and second surfaces of the solid electrolyte are 
exposed to the same gaseous mixture that contains 
both said nitrogen -containing and hydrogen -con- 
taining gaits. 

10, The process ol claims 1 or 9 wherein instead of a 
nitrogen -containing, a carbon and oxygen -contain- & 
ing compound is passing over the said first surface 

of claim 1 or both surfaces of claim 9 and wherein 
methanol is produced instead of ammonia. 
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N2, NH3 




H2 H2 



Figure i 
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Figure 2 
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Figure 3 
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Figure 4 
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